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Intracisternal A-type particles (IAP) are defective endogenous retroviruses that accumulate in the endoplasmic reticulum
of rodent cells. IAP genomes share extensive sequence homologies with D-type retroviruses, but were presumed to express
the viral proteinase (PR) as part of the gag open reading frame (ORF) while D-type retroviruses express PR in a separate
ORF. Here we show that expression of the murine IAP element MIA14 yields three major translation products, corresponding
to the Gag, Gag-PR, and Gag-PR-Pol polyproteins. Sequence analysis revealed that MIA14 PR is encoded in its own reading
frame, separate from gag and pol. Frameshifting occurred with an efficiency of approximately 25% between the gag and
pro ORFs and 35% between pro and pol. The region containing the putative gag-pro frameshift signal consists of a hepta-
nucleotide slippery sequence (A6C) and a stem–loop structure probably forming a pseudoknot. Deletion of this structure
element almost completely abolished frameshifting. Insertion of an additional base next to the frameshift signal placed gag
and pro in the same ORF and resulted in predominant formation of Gag-PR and Gag-PR-Pol polyproteins which were not
processed following in vitro translation. Expression of a similar construct in tissue culture cells, on the other hand, led to
efficient intracellular processing of the mutant polyproteins. q 1997 Academic Press
INTRODUCTION translational frameshifting, depending on the individual
virus group (reviewed by Jacks, 1990). More divergence
Originally, retroviruses have been classified according exists regarding the coding strategy for the viral PR which
to their morphological appearance and budding pheno- is part of the gag open reading frame (ORF) in avian C-
type as observed by electron microscopy (reviewed by type viruses, part of the pol ORF in mammalian C-type
Nermut and Hockley, 1996). In the case of B- and D-type and lentiviruses or encoded in its own reading frame in
retroviruses, immature spherical capsids are assembled B-type and D-type retroviruses and in the case of mem-
in the cytoplasm followed by transport to the plasma bers of the human T cell leukemia (HTLV)/bovine leuko-
membrane where budding takes place. C-type oncovi- sis virus (BLV) group.
ruses and lentiviruses, on the other hand, do not appear A peculiar class of retroviruses are the intracisternal
to assemble larger structures in the cytoplasm and for- A-type particles (IAP) of rodent cells which assemble
mation of their immature core occurs concomitant with and bud into cisternae of the endoplasmic reticulum (ER)
budding at the plasma membrane. In both cases, mor-
(reviewed by Kuff and Lueders, 1988). IAP are abundant
phological condensation to the mature capsid which re-
in many murine tumors and derived cell lines but are
quires proteolysis of viral precursor polyproteins takes
also found in normal tissues of mice and other rodents.
place once the virion is released from the cell. Polypro-
In contrast to infectious retroviruses, IAP appear not to
tein cleavage is mediated by the viral proteinase (PR)
undergo any extracellular phase and retain their spheri-
which is encoded as part of a viral polyprotein and needs
cal immature (A-type) capsids consisting of uncleaved
to become activated in the budding process while being
polyproteins. Recent evidence has indicated, however,
inactive in the intracellular immature capsid.
that lack of cleavage is not due to a defective PR butProteolytic processing of the structural Gag polypro-
rather is caused by the intracellular site of particle forma-tein leads to formation of matrix (MA), capsid (CA), and
tion. Polyprotein processing can be induced if IAP-de-nucleocapsid (NC) proteins in all retroviruses. Additional
rived polyproteins are localized to the plasma membraneGag proteins are encoded by individual groups of retrovi-
(Welker et al., 1997). The complete genomic sequenceruses. The viral replication enzymes reverse tran-
of several IAP elements and partial sequences of the gagscriptase (RT) and integrase (IN) are synthesized as do-
and pol genes of others have been determined (Dorner etmains of the viral Gag-Pol precursor polyprotein which
al., 1991; Mietz et al., 1987; Ono et al., 1985; Reuss andis derived from read-through of a termination codon or
Schaller, 1991). These reports documented a marked se-
quence conservation between the different IAP genomes
and significant homologies to B-type and D-type retrovi-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: /49 40 48051-184. E-mail: hgk@hpi.uni-hamburg.de. ruses which extend through almost the entire gag-pol
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region, with the exception of the 5*-terminal segment of TTTTTTCTAGTG-3*; reverse primer, a T3 primer. The am-
plified fragment was cleaved with NcoI and EcoRI (nucle-gag which encodes the intracellular targeting domain.
Most IAP genomes contain multiple stop codons in the otide 960 of the MIA14 sequence) and ligated with the
EcoRI–BamHI fragment (nucleotides 960–4102 of theenv homology region, likely reflecting the lack of an extra-
cellular phase. In contrast to the strong homology in par- MIA14 sequence) into pTM1 opened with NcoI and
BamHI. Plasmid pTM1-MIA6 (Fig. 1) containing a deletionticular to D-type retroviruses, assignment of open read-
ing frames in the case of the murine IAP element MIA14 of almost the entire MA domain was constructed by ligat-
ing the NcoI–NotI fragment (nucleotide 1230–1915 of(Mietz et al., 1987) led to the suggestion that IAP PR is
part of the Gag polyprotein. D-type as well as B-type the MIA14 sequence) from pL-MIA6 (Welker et al., 1997)
and the NotI–BamHI fragment (nucleotide 1915–4102 ofretroviruses like mouse mammary tumor virus (MMTV),
on the other hand, express their PR in its own reading the MIA14 sequence) into pTM1. Plasmid pTM1-MIA6FS
was made by replacing the NotI–PstI fragment (nucleo-frame requiring two independent frameshifting events to
form the Gag-PR and Gag-PR-Pol polyproteins (Jacks et tide 1915–2555) of pTM1-MIA6 with the NotI–PstI frag-
ment from pL-MIA4aFS (see above). Plasmid pTM1-MI-al., 1987; Power et al., 1986; Sonigo et al., 1986). Ribo-
somal-1 frameshifting (i.e., movement of the ribosome by A6DFS was derived from pTM1-MIA6 and contains a
deletion of 15 nucleotides at position 2176–2190 of theone nucleotide in the 5* direction) is a frequently used
mechanism of retroviruses to regulate and coordinate MIA14 sequence. This deletion was created in a sub-
clone by cleaving at two adjacent ApaI sites (Fig. 1) fol-expression of different gene products from a single mes-
senger RNA during translation (reviewed in Atkins et al., lowed by religation and transfer of the NotI–PstI frag-
ment from this subclone into pTM1-MIA6 cleaved with1990).
In this report, we demonstrate that the PR of the IAP NotI and PstI. Relevant deletions and insertions were
confirmed by sequence analysis of the respective plas-element MIA14 is encoded in its own reading frame and
gene expression involves sequential frameshifting in the mids. All molecular biological manipulations and se-
quence analysis were carried out using standard meth-gag-pro and pro-pol overlap regions. The frameshifting
signals conform to retroviral consensus signals. Overex- ods (Sambrook et al., 1989).
pression of PR by placing it into the gag reading frame
In vitro transcription and translationleads to significant polyprotein processing in eukaryotic
cells but not following in vitro translation.
Coupled transcription and translation reactions were
performed according to the manufacturer’s instructions
MATERIAL AND METHODS
with T7 RNA polymerase in the presence of [35S]-
methionine (Tran 35S-Label, ICN Pharmaceuticals;Expression plasmids
1.000 Ci/mmol, 10 mCi/ml) using a coupled system
Eukaryotic expression plasmids pL-MIA4 (Fig. 1) and
based on rabbit reticulocyte lysate (TNT, Promega). DNA
pL-MIA4a containing almost the entire gag-pol region
templates were purified using a plasmid purification kit
(nucleotide 677–6291) of the murine IAP MIA14 (Mietz
(Qiagen). Samples from the translation reactions were
et al., 1987) have been described previously (Welker et
analyzed on sodium dodecyl sulfate (SDS)–polyacryl-
al., 1997). In the case of pL-MIA4, the first 28 codons of
amide gels containing 17.5% polyacrylamide (200:1 ratio
the MIA14 gag gene have been replaced by the mem-
of acrylamide to N,N-methylenebisacrylamide). Following
brane targeting signal of the Src protein. Plasmid pL-
electrophoresis, the gel was stained, dried, and sub-
MIA4a contains an inactivating mutation in the active site
jected to autoradiography. The relative amounts of frame-
of the putative PR in addition. Plasmids pL-MIA4FS and
shifted products were calculated by quantifying radioac-
pL-MIA4aFS were derived from these plasmids and con-
tive label in specific areas of the gel using a Fuji BAS
tain an insertion of 4 nucleotides generated by cleaving
2000 bioimager and correcting for background and differ-
at the AgeI restriction site (position 2205–2211), filling
ential methionine content of the products.
the protruding ends with Klenow enzyme, and religation.
In vitro translation vectors were derived from the ex- Cells and transfections
pression plasmid pTM1 (Moss et al., 1990), which con-
tains the internal ribosome entry site of encephalomyo- COS-7 cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivatedcarditis virus and a T7 RNA polymerase promotor to
facilitate high-level expression. To generate plasmid fetal calf serum, 100 U of penicillin per milliliter, 100
mg of streptomycin per milliliter, and 2 mM glutamine.pTM1-MIA2 (containing the wild-type MIA14 sequence
from nucleotide 594 to 4102, Fig. 1), a NcoI restriction Transfection was performed using the modified calcium
phosphate method (Chen and Okayama, 1987). For West-site was introduced at the position of the initiation codon
of the MIA gag gene by performing a PCR reaction. A ern blot analysis, cell extracts were separated on SDS–
polyacrylamide gels as described above. After transfersegment of the MIA14 genome (nucleotides 594 to 2555)
was amplified from pBPstMIA (Welker et al., 1997): For- to nitrocellulose membranes (Schleicher and Schuell),
blots were incubated with rabbit anti-IAP Gag antiserum,ward primer, 5*-TGCATCGATGCCATGGTTGGCCTTGAA-
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FIG. 1. Structure of MIA14 expression plasmids. MIA2 corresponds to the wild-type sequence, relevant restriction sites are indicated by arrows.
In MIA4, the first 10 codons of src were substituted for the first 28 codons of the gag gene, and in MIA6 the first 112 codons of gag (corresponding
to the MA-equivalent region) were deleted. Nucleotide numbering (at the top) is according to the published sequence of MIA14 (Mietz et al., 1987).
which was raised against electrophoretically purified ing frame and altered the 3*-terminal segment of the
gag gene (Fig. 2). Further differences from the publishedIAP-Gag derived from mouse tumors (kindly provided by
K. Lueders; 1:250 dilution in PBS/ 1% nonfat dried milk/ sequence were found in the MIA14 pro gene which al-
tered the amino acid sequence of PR but did not affect0.5% Triton 100). Alkaline phosphatase-conjugated goat
anti-rabbit IgG (Jackson Immunochemicals Inc.) was the assignment of ORFs. Due to the two inserted nucleo-
tides, the corrected sequence yielded a gag ORF begin-used as second antiserum.
ning at nucleotide position 555 with the first methionine
codon in position 594 and ending with an ochre codonRESULTS
at position 2294. The predicted Gag polyprotein consists
In a previous series of experiments, we had analyzed of 567 amino acids with a Mr of 62 kDa. The predicted
intracellular polyprotein transport and proteinase (PR) ac- pro ORF spans the region from nucleotide 2138 to 3071
tivation using expression vectors derived from the murine with a gag-pro overlapping region of 156 nucleotides.
IAP element MIA14 (Welker et al., 1997). In the course Within this region, we observed a consensus retroviral
of these studies we observed three distinct polyproteins frameshift signal (Jacks, 1990) consisting of a hepta-
likely representing Gag, Gag-PR, and Gag-PR-Pol on im- nucleotide slippery region (A6C; nucleotide 2156 to 2162)
munoblot analysis of cell extracts (data not shown and and a predicted RNA secondary structure element 9 nu-
Fig. 5). This result was unexpected since IAP PR is pre- cleotides downstream (nucleotide 2171 to 2191, Fig. 2).
sumed to be expressed as part of the Gag polyprotein The predicted pol ORF ranges from nucleotide 3036 to
(Mietz et al., 1987). We therefore decided to reevaluate 5649 with a pro-pol overlapping region from nucleotide
the genetic structure of IAP and their pathway of gene 3036 to 3070 (Mietz et al., 1987) and a putative slippery
expression. site at position 3061–3067. Based on computer analysis,
a potential RNA pseudoknot structure starting 9 nucleo-
MIA14 PR is encoded in its own reading frame tides downstream of the slippery site had been predicted
in a previous report (Le et al., 1991).The nucleotide sequence of the MIA14 region from
nucleotide 1962 to 3104 (numbering according to the
Analysis of IAP frameshifting using in vitro translationpublished sequence; Mietz et al., 1987) was determined.
Comparison with the published nucleotide sequence re- In order to confirm the new assignment of IAP ORFs,
we performed in vitro transcription/translation experi-vealed several differences: Most importantly, an addi-
tional cytosine in position 2191 (also producing a novel ments using a coupled system. Expression of plasmid
pTM1-MIA2 containing almost the entire gag-pol re-ApaI restriction site) and an additional guanosine in posi-
tion 2264 placed the MIA14 pro gene in a separate read- gion of MIA14 (Fig. 1) yielded three major products
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FIG. 2. Schematic representation of the MIA14 reading frames and of the gag-pro frameshifting signal. At the top, the gag, pro, and pol ORFs
are depicted with the numbers corresponding to their first and last nucleotide. Below, the relevant region of the MIA14 RNA sequence with the
gag-pro frameshifting signal is expanded. The heptameric slippery site is shadowed. The two recognition sequences for the restriction enzyme
ApaI are boxed and the site for AgeI is underlined.
which migrated according to their predicted molecular ORFs, plasmids pTM1-MIA2 and -MIA6 were cleaved
with restriction endonucleases as indicated in Fig. 1 andmasses (Fig. 3A, lane 2): a Gag polyprotein of approxi-
mately 62 kDa (corresponding to 567 aa), a Gag-PR resulting DNA-fragments were subjected to coupled tran-
scription/translation reactions producing successivelypolyprotein of approximately 91 kDa (corresponding to
826 aa), and a truncated Gag-PR-Pol polyprotein of truncated polyproteins. Cleavage at the EcoRV site (posi-
tion 2769) upstream of the pro-pol overlapping region ledapproximately 129 kDa (corresponding to 1169 aa;
truncation due to cloning the fragment at the BamHI to complete loss of the Gag-PR-Pol polyprotein and to
truncation of Gag-PR (Figs. 3A and 3B, lanes 3). Cleavagerestriction site in position 4102). To improve electro-
phoretic separation and quantitative analysis of in vitro at the PstI site (position 2555) led to further truncation of
Gag-PR (Figs. 3A and 3B, lanes 4) while cleavage attranslation products, we also constructed a N-terminal
deletion mutant lacking the first 112 codons of the the AgeI site (position 2205) caused loss of the Gag-PR
polyprotein and slight truncation of Gag (Figs. 3A andMIA14 gag gene (pTM1-MIA6; Fig.1). Expression of
pTM1-MIA6 also yielded three major products migrat- 3B, lanes 5). Further truncation by cleavage at the NotI
site (position 1915) resulted in a significantly shorter Gaging according to the predicted molecular masses of
the shortened polyproteins (39, 68, and 105 kDa, re- polyprotein (Figs. 3A and 3B, lanes 6). Additional bands
below the main translation products were observed in allspectively; Fig. 3B, lane 2).
To further investigate the boundaries of individual cases where pTM1-MIA6 was used as template. These
FIG. 3. Analysis of in vitro-translated IAP polyproteins. Coupled transcription/translation reactions were programmed with pTM1-MIA2 DNA (A)
or pTM1-MIA6 DNA (B). Template DNA was cleaved with various restriction enzymes as depicted at the top of the lanes. Translation products were
labeled with [35S]methionine and detected by autoradiography. The position of the Gag, Gag-PR, and Gag-PR-Pol polyproteins (A) and their N-
terminally truncated counterparts (B) is indicated on the left; positions of molecular mass markers (in kDa) are shown on the right. Lane 1 (0)
corresponds to a control reaction without DNA.
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Expression of IAP polyproteins and mutants thereof
in transfected cells
To analyze expression of IAP polyproteins and proteo-
lytic processing in eukaryotic cells, Cos 7 cells were
transfected with plasmids pL-MIA4 and pL-MIA4a
(Welker et al., 1997) and their derivatives pL-MIA4FS and
pL-MIA4aFS which contain gag and pro in the same
reading frame. All four constructs encode chimeric IAP
Gag polyproteins with the Src membrane localization sig-
nal in place of the N-terminal region of the IAP polypro-FIG. 4. Analysis of in vitro-translated mutant polyproteins. pTM1-
MIA6 (lane 1), pTM1-MIA6FS (lane 2), and pTM1-MIA6DFS (lane 3) tein (Fig. 1). Plasmids pL-MIA4a and pL-MIA4aFS contain
were subjected to a coupled transcription/translation reaction and a deleterious mutation in the PR active site in addition.
products were analyzed as described in the legend to Fig. 3. The Immunoblot analysis of cell extracts prepared from pL-
positions of the DGag, DGag-PR, and DGag-PR-Pol polyproteins (on
MIA4 transfected cells revealed Gag, Gag-PR, and Gag-the left) and molecular mass markers (on the right) are indicated. An
PR-Pol polyproteins migrating according to their pre-arrowhead marks the extended Gag protein which is derived from
translational frameshifting into the third ORF (lane 2). dicted molecular masses (Fig. 5, lane 1). Additional prod-
ucts of lower molecular mass correspond to PR-derived
cleavage products (Fig. 5, lanes 1 and 2) and were not
products are likely to be derived from internal initiation observed in the case of the active site mutant (Fig. 5,
at the second ATG codon within the gag ORF (nucleotide lane 3). Interestingly, transfection of pL-MIA4FS encoding
1383) resulting in N-terminal truncation of 55 amino Gag and PR in the same reading frame yielded signifi-
acids. cantly more proteolysis of Gag-derived proteins with vir-
Frameshifting efficiency at both sites was determined tually no precursor polyprotein remaining (Fig. 5, lane 4).
by counting incorporation of radioactive label into individ- This cleavage was also mediated by the viral PR since
ual polyproteins and normalizing for methionine content. active site mutation abolished proteolysis and resulted
Following expression of pTM1-MIA2, Gag-PR was pro- in accumulation of a Gag-PR precursor polyprotein of
duced with an efficiency of 23% of Gag and Gag-PR-Pol approximately 90 kDa (Fig. 5, lane 5, marked by an open
was produced with an efficiency of 35% of Gag-PR. Simi- arrowhead). Similar to the in vitro translation experi-
lar ratios of Gag-PR expression were observed for C- ments, frameshifting into the third reading frame yielding
terminally truncated polyproteins. A higher frameshifting an extended Gag protein of approximately 66 kDa was
frequency was observed for pTM1-MIA6-encoded poly-
proteins with Gag-PR corresponding to 33% of Gag and
Gag-PR-Pol corresponding to 55% of Gag-PR.
In order to analyze the importance of the predicted
RNA structure element for IAP frameshifting, an in frame
deletion of 15 nucleotides destroying the stem–loop
structure was constructed by cleavage at two closely
adjacent ApaI sites (pTM1-MIA6DFS; Figs. 1 and 2). Ex-
pression of this construct yielded almost exclusively the
Gag polyprotein and reduced frameshifting efficiency to
3% (Fig. 4, compare lanes 1 and 3). A second mutation
was constructed to place the pro gene into the gag ORF.
To this end, an insertion of 4 nucleotides was made at
the AgeI site in the gag-pro overlapping region, thereby FIG. 5. Immunoblot analysis of IAP-specific products after transient
creating plasmid pTM1-MIA6FS (Figs. 1 and 2). Expres- transfection of COS-7 cells. Cellular lysates were resolved by SDS–
polyacrylamide gel electrophoresis and the Western blot was probedsion of this construct yielded predominantly the Gag-PR
with antiserum against IAP Gag. The cells had been mock-transfectedand Gag-PR-Pol polyproteins at the expense of the Gag
(lane 6) or transfected with plasmid pL-MIA4 (lanes 1 and 2, two differ-polyprotein (Fig. 4, lane 2). Translational frameshifting
ent experiments), pL-MIA4a (lane 3), pL-MIA4FS (lane 4), or pL-
into the third ORF occurred at a frequency of 19%. In this MIA4aFS (lane 5). Molecular mass markers (in kDa) are indicated on
case an extended Gag protein of approximately 45 kDa the right. The position of GagS (a mutant Gag polyprotein with the Src
N-terminal signal) is marked on the left. Please note that the GagS-PR(corresponding to 404 aa), which was terminated at an
and GagS-PR-Pol polyproteins could be detected only in some experi-opal codon in position 2443 of the third ORF was trans-
ments (compare lanes 1 and 2) and are marked by arrows on the left.lated (Fig. 4, lane 2, marked by an arrowhead). Interest-
The GagS-PR precursor polyprotein encoded by MIA4aFS is marked
ingly, no polyprotein processing was observed following by an open arrowhead (lane 5) and the extended Gag polyprotein
translation of pTM1-MIA6FS although PR was made in derived from frameshifting into the third ORF is marked by a closed
arrowhead (lane 5). Cleavage products are marked CPs.equimolar amounts compared to Gag.
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also observed in pL-MIA4aFS transfected cells (Fig. 5,
lane 5, marked by a closed arrowhead).
DISCUSSION
The results presented in this report demonstrate that
the murine IAP element MIA14 produces the viral PR and
Pol proteins by two consecutive frameshifting events,
similar to D-type and B-type retroviruses. Frameshifting
in the pro-pol overlapping region has been suggested
previously (Mietz et al., 1987) and occurs at the known
boundary of these genetic regions as judged by homol-
ogy to other retroviruses. We have now identified a sec-
ond frameshift signal which causes 01 frameshifting
from the gag ORF to the formerly unrecognized pro ORF.
A separate reading frame containing the pro gene and
formation of an additional Gag-PR polyprotein had first
been observed in cells infected with the B-type retrovirus
MMTV (Dickson and Atterwill, 1979) but was subse-
quently also found in a number of other retroviruses.
Besides in the case of MMTV (Moore et al., 1987; Jacks
et al., 1987), two consecutive ribosomal frameshifting
FIG. 6. Schematic representation of the predicted RNA pseudoknotevents have been characterized in D-type retroviruses
downstream of the MIA14 gag-pro frameshift sequence. The slippery[Mason Pfizer monkey virus (MPMV); Sonigo et al., 1986],
site is shadowed and the two recognition sequences for ApaI aremembers of the HTLV/BLV group (HTLV, Nam et al., 1993;
characterized by a box. Note that cleavage of the DNA with ApaI leads
BLV, Rice, 1985; Sagata et al., 1985), and members of to deletion of the region base-pairing in the upper segment of the
the human endogenous retrovirus family (reviewed in double-stranded structure (see also text).
Lo¨wer et al., 1996). Thus, the genomic organization of the
IAP MIA14 confirms the close evolutionary relationship of
IAPs with B-type and D-type retroviruses which had been actual slippery site where the ribosome changes into
the -1 reading frame. Nearly all sequences conform tosuggested on the basis of extensive sequence homolo-
gies (Kuff and Lueders, 1988; Mietz et al., 1987). It ap- the consensus motif X XXY YYN (the initial reading frame
is indicated by the triplets, the bases X and Y can bepears likely that the same genomic organization will also
hold true for other IAP-elements. A pro ORF, separate identical) (Jacks et al., 1988). To promote efficient frame-
shifting the second component, an unusual RNA struc-from both gag and pol had been observed upon se-
quence analysis of a chinese hamster IAP, but in this ture element, is positioned just downstream of the slip
site. In most systems studied to date, the RNA forms acase was interrupted by an additional frameshift (Dorner
et al., 1991). Interruption of gag and pol by termination pseudoknot which is created when the nucleotides in
the loop of a stem–loop structure base-pair with a regioncodons or frameshifts has also been inferred from se-
quence analysis of several other IAP elements (Ono et outside the loop forming an additional stem (Pleij and
Bosch, 1989). The mechanism by which a pseudoknotal., 1985; reviewed by Kuff and Lueders, 1988), but has
not been confirmed by protein expression data. The pre- promotes ribosomal frameshifting is unknown. It was
proposed that stable RNA structures may cause pausingdicted size of 62 kDa for the MIA14 Gag polyprotein
calculated from the results of the present study also con- of the ribosome at the shift site and thereby induce slip-
page into the -1 frame (Jacks et al., 1988). Inspectionforms much better to the observed migration of this pro-
tein following analysis of IAP containing rodent cell lines of the MIA14 sequence in the gag-pro overlap region
revealed both elements: a heptanucleotide (A AAA AAC)(Marciani and Kuff, 1973) or following in vitro translation
(Mietz et al., 1987; this study) and transfection of eukary- acting as the slippery site and a RNA stem–loop struc-
ture starting nine nucleotides downstream. This RNA re-otic cells (Welker et al., 1987; this study).
Ribosomal frameshifting is a regulating mechanism gion can be folded into a pseudoknot (Fig. 6), which is
very similar to pseudoknots in the simian retrovirus 1used by retroviruses to produce different gene products
in the correct ratio. The relative expression level of differ- (ten Dam et al., 1994), feline immunodeficiency virus
(Morikawa and Bishop, 1992), and MMTV (Chamorro etent proteins is thought to be important for efficient as-
sembly of the virus particle (Dinman and Wickner, 1992). al., 1992; Chen et al., 1996). Deletion of 15 nucleotides
causing loss of pseudoknot formation greatly reducedPrevious analyses of viral -1 frameshift signals showed
that they generally consist of two elements. The first MIA14 frameshifting efficiency, indicating that this RNA
structure element is important in the case of IAPs aselement is a heptanucleotide sequence that forms the
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well. Similar pseudoknots downstream of a -1 frameshift translation (Kra¨usslich et al., 1988) and in transfected
cells (Mergener et al., 1992). However, proteolysis ap-site were also observed in other viruses and genetic
elements and appear of general importance in determin- pears to be less tightly regulated in the case of HIV
(Kaplan et al., 1991) compared to most other retroviruses.ing a functional ribosomal frameshifting site. Examples
are several coronaviruses (Brierley et al., 1989, 1991; If additional cellular factors are indeed required for induc-
tion of polyprotein cleavage, these factors might be sub-Herold and Siddell, 1993; Bredenbeek et al., 1990), a
torovirus (Snijder et al., 1990), and yeast double-stranded stituted by adding fractionated cellular extracts to the in
vitro translation system and future studies will addressRNA viruses (Dinman et al., 1991; Tzeng et al., 1992).
Frameshifting efficiency is very different among these this question directly.
various sites ranging from 1.8% in the yeast RNA virus
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